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Abstract 

The proliferation-specific Forkhead Box ml (Foxml or 
Foxmlb) transcription factor (previously called HFH-11B, 
Trident, Win, or MPP2) regulates expression of cell cycle 
genes essential for progression into DNA replication and 
mitosis. Expression of Foxml is found in a variety of distinct 
human cancers including hepatocellular carcinomas, intra- 
hepatic cholangiocarcinomas, basal cell carcinomas, ductal 
breast carcinomas, and anaplastic astrocytomas and glioblas- 
tomas. In this study, we show that human Foxml protein is 
abundantly expressed in highly proliferative human non- 
small cell lung cancers (NSCLC) as well as in mouse lung 
tumors induced by urethane. To determine the role of Foxml 
during the development of mouse lung tumors, we used IFN- 
inducible Mx-Cre recombinase transgene to delete mouse 
Foxml fl/fl-targeted allele before inducing lung tumors with 
urethane. We show that Mx-Cre Foxml 1 mice exhibit 
diminished proliferation of lung tumor cells causing a 
significant reduction in number and size of lung adenomas. 
Transient transfection experiments with A549 lung adenocar- 
cinoma cells show that depletion of Foxml levels by short 
interfering RNA caused diminished DNA replication and 
mitosis and reduced anchorage-independent growth of cell 
colonies on soft agar. Foxml-depleted A549 cells exhibit 
reduced expression of cell cycle-promoting cyclin A2 and 
cyclin B1 genes. These data show that Foxml stimulates the 
proliferation of tumor cells during progression of NSCLC. 
(Cancer Res 2006; 66(4): 2153-61) 

Introduction 

Lung cancer is the leading cause of cancer-related death in men 
and women in the United States (1). Human lung cancers are 
subdivided into small cell lung cancer (SCLC) and non-small cell 
lung cancer (NSCLC), the latter of which consists of squamous, 
adenocarcinoma, and large cell carcinoma. Development of cancer 
is a multistep process involving the gain of function mutations that 
activate the ceil cycle-promoling Ras/mitogen-aetivaled protein 
kinase (MAPK) signaling pathway (2), as well as the loss of function 
mutations of tumor suppressor genes (3). Activating mutations in 
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K-Ras oncogene occur in the majority of spontaneous and 
chemically induced mouse lung tumors (4), as well as in a subset 
of human NSCLC (5). Fifty percent of NSCLC tumors contain 
mutations of the p53 tumor suppressor gene, whereas 30% of 
NSCLC tumors express high levels of the c-myc protein (6). 
Inactivation of plS^ and pl6™ K tumor suppressor genes due to 
promoter silencing is frequently associated with NSCLC (3). 
Adenocarcinoma is the most common type of lung cancer, which 
exhibits metastases before clinical symptoms become apparent, 
thus reducing successful treatment options. Therefore, idenl nida- 
tion of new molecular targets, which are essential for proliferation 
of tumor cells, will bencfil both treatment and chemoprevention of 
NSCLC. 

Activation of the Ras/MAPK signaling [>al hway drives cell cycle 
progression by temporal expression of cyclin regulatory subunits, 
which activate their corresponding cyclin -dependent kinases (cdk) 
through complex formation and then phosphorylate target 
proteins essential for cell cycle progression (2, 3). One of these 
cdk/cyclin targets is the proliferation-specific Forkhead Box ml 
(Foxml) transcription factor (previously known as HFH-11B, 
Trident, Win, or MPP2), which recruits cdk/cyclin complexes to 
the Foxml activation domain, where they phosphorylate and 
stimulate Foxml transcriptional activity (7). Activated MAPK 
(extracellular signal-regulated kinase) kinase has been recently 
shown to directly phosphorylate the Foxml protein, contributing 
to its transcriptional activation (8). Foxml is known to stimulate 
the transcription of genes essential for progression into DNA 
replication and mitosis (9). The Foxml protein decreases nuclear 
levels of the CDK inhibitor proteins p27 Wpl and p21 cipl (10-12), 
which promote cell cycle arrest by inhibiling activation of the 
cdk2/cyclin complexes. Foxml~ mice exhibit embryonic lethality 
due to severe abnormalities in development of the heart, liver, and 
lung (13, 14). This is caused by a failure to complete mitosis 
causing a significant reduction in the number of cells in these 
developing mouse organs. This process was associated with 
diminished protein levels of Polo-like kinase 1 and Aurora B 
kinase (13, 14), both of which phosphorylate proteins essential for 
orchestrating mitosis and cytokinesis (15, 16). Furthermore, we 
previously reported on generating transgenic mice, in which the 
Rosa26 promoter drives ubiquitous expression of the Foxml 
transgene, and showed that the Foxml stimulates proliferation of 
all lung cell types in response to butylated hydroxytoluene (BHT) 
lung injury (17). 

Consistent with the important role of Foxml in cell cycle 
progression, elevated Foxml levels are found in numerous cell lines 
derived from tumors (18-20). Increased expression of Foxml was 
also found in human basal cell carcinomas (21), intrahepatic 
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cholangiocarcinomas (22), anaplastic astrocytomas and glioblasto- 
mas (23), infiltrating ductal breast carcinomas (24), and in many 
other solid tumors (25). This suggests that Foxml is required for 
cellular proliferation in various human cancers. Foxml is also 
overexpressed in hepatocellular carcinomas from patients that 
respond poorly to treatment (26). We recently showed that Alb-Cre 
Foxml fl/fl hepatocytes are highly resistant to developing 
hepatocellular carcinoma following diethylnitrosamine/phenobar- 
bital liver tumor induction, and Foxml is a novel inhibitory target 
of the pl9 ASl tumor suppressor protein (12). The mechanism of 
resistance to hepatocellular carcinoma development is associated 
with defects in cellular proliferation due to an aberrant increase in 
hepnloevtc nuclear levels of cdk inhibitor p27 kl '' protein and 
diminished expression of the M-phase promoting Cdc25B phos- 
phatase (12). Although the Foxml protein is essential for 
hepatocyte proliferation during progression of hepatocellular 
carcinoma (12), the role of Foxml in lung cancer remains to be 
determined. In this article, we showed that Foxml is abundantly 
expressed in highly proliferative human NSCLC. Conditional 
deletion of mouse Foxml fl/fl-targeted allele caused a significant 
reduction in the proliferation of lung tumor cells as well as in the 
number and size of lung adenomas following the urethane lung 
tumor induction. Depletion of Foxml levels in A549 lung cancer 
cell line by short interfering RNA (siRNA) transfection caused 
diminished DNA replication and mitosis, decreased expression of 
cell cycle promoting cyclin A2 and cyclin Bl genes, and reduced 
anchorage-independent growth of cell colonies on soft agar. These 
data show that Foxrnl stimulates the proliferation of lung tumor 
cells during progression of NSCLC. 

Materials and Methods 

Foxml fl/fl mice and the lung tumorigeiiesis protocol. YVe pre\iously 
described I he general ion of I lie I -turn I 11,11 mice, which were bred lor live 
general ions into the C57BL/6 mouse genetic background (13). The Foxml 
fl/fl mice were then bred for two generations with Mx-Cre C57BL/6 
transgenic mice to generate Mx-Cre Foxml fl/fl mice. Foxml fl/fl (control) 
and Mx-Cre Foxml fl/fl (experimental; Mx-Cre Foxml -/ ~) 8- to 12-week-old 
male mice were i.p. injecled Ihrec limes wilh 250 of synthetic double- 
stranded RNA (dsRNA; also known as PolyLPolyC or PIPC; 1.25 mg/mL in 
PBS) during a period of 1 week to induce IFN-ot/P production in vivo and 
subsequent activation of Mx-Cre Iransgene as described previously (27). An 
additional group of Mx-Cre Foxml fl/fl mice was injected with PBS inslead 
of dsRNA to use as a second control. I sing Ihis proloeol. I he deletion of 
Foxml fl/fl-targeted allele was induced in all cell types producing the 
Foxml~' allele, which lacks the DNA binding and transcriptional 
activation domains (13, 27). 

One week after the last dsH\ \ Irealmenl. I he mice were i.p. injected with 
1 g/kg of urethane (Sigma, St. Louis, MO) once a week for 10 consecutive 
weeks to achieve 100% incidence of lung tumors in C57BL/6 mouse 
background (28). Mice were sacrificed at 28 weeks following the initial 
urethane injection and examined for lung tumors using a dissecting 
microscope. Lung tissues were then used for preparation of total lung RNA 
or fixed, paraffin embedded, sectioned, and stained with H&E for 
morphologic examination. 

Bromodeoxyuridine labeling and immunohistochemical staining. 
To monitor the proliferation of tumor cells, mice were placed on drinking 
water with 1 mg/mL of bromodeoxyuridine (BrdUrd) for 4 days before 
they were sacrificed (29). Proliferation rates were detected by immuno- 
hislochemistry of mouse lung paraffin seel ions and the Custom Non- 
Small Cell Lung Carcinoma TMA human tissue array (US Biomax, Inc., 
Hockville. Ml)) using mouse monoclonal anlibodies specilic lor ISrdUrd 
(1:100; clone Bu 20A; DAKO, Carpinteria, CA) or proliferating cell nuclear 
antigen (PCNA; 1:1,000; clone PC- 10; Roche Diagnostics, Indianapolis, IN). 



Vnlibody, antigen complexes were -detected by anti-mouse antibody 
conjugated with alkaline phosphatase and 5-bromo-4-chloro-;i-indol\l 
phosphale/nilroblue I el ra/.olium substrate (all from Yeelor tabs, Buiiin- 
game. CA) as described (30). Lung seel ions w-ere counlerstained wilh 
nuclear fast red (Vector Labs). In each mouse lung we counted the 
number of BrdUrd-positive cells per 1,000 tumor cells in 10 distinct 
Foxml-positive or Foxml -negative lung tumors in dsRNA-treated Mx-Cre 
Foxml~'~ mice. Tumors from dsRNA-treated Foxml fl/fl and PBS-treated 
Mx-Cre Foxml fl/fl mice were used as controls. 

We also used rabbit polyclonal antibodies specific to Foxml (1:50; 
ref. 12) and mouse monoclonal anlibodies again-,! I oxa2 (1:5; clone -1C7; 
ref. 1-1). Anlibody antigen complexes weie delected by secondary antibody 
conjugated with biotin, avidin/horseradish peroxidase (HRP) complex, and 
:;.:;'-diaminoben/.idine substrate (all from Vector Labs) as described 
pre\ iousK (III. 

Western blot analysis. Total protein extracts were prepared from 
tinman adenocarcinoma or normal lung tissue and then subjected lo 
Weslem blot analysis (31) using rabbit polyclonal antibody against 
Foxml (ref. 12; 1:5,000 dilution). We also used mouse monoclonal (i-actin 
antibody (clone AC- 15; Sigma; 1:20,000 dilution). Detection of the 
immune complex was accomplished by using secondary anlibodies 
directly conjugated with HRP followed by chemiluminescence (Super- 
signal, Pierce, Rockford, IL). 

The cancer profiling array. To compare Foxml expression in human 
tumors and corresponding normal tissues, we used I lie Cancer Proliling 
Array (Clontech Lab, Palo Alto, CA), which consisted of 2-11 cDNA pairs 
derived from normal and tumor tissues of individual palienls. including 
20 cases with NSCLC. Radioactively labeled cDNA probes were 
synthesized from human foxml or ubiquilin control cDNA using 
random primer labeling followed by probe purification on (Tlli()M\ 
SPIN+STE-100 columns (Clontech Lab). Hybridization of the Cancer 
Profiling Array with human Foxml probes and washings of the array 
were done according lo the maniilacliirers recommendations (Clontech 
Lab). The hybridi/.ed Cancer Profiling Arrays were then exposed to the 
phosphorimaging screens and scanned wilh a Slorm MO Phosphorhn- 
ager. We then stripped this same membrane and hybridized it with 
human ubiquitin cDNA probe. Following subtraction of background, 
Foxml hybridization signals were normalized to ubiquilin using IGMac 
vl.2 program. 

siRNA transfection and soft agar assay. To inhibit Foxml expression in 
lung I umor cells in cell cull lire experiments, we used a 2 l-niicleol idc siltN \ 
duplex specific to 1066-1084 nucleotide region of the human Foxml cDNA 
(siFoxml, 5'-GGACCACUUUCCCUACUUU-3'). Foxml siRNA containing 
symmetrical 2-Uracil (U) 3' overhangs was designed and synthesized using 
Dharmacon Research algorithm. We transfected 100 nmol/L of either 
siFoxml or mutant control siFoxml (mutFoxml; 5'-GGACCUGUAUGC- 
GUACAUU-3') duplexes into A549 adenocarcinoma cells using Lipofect- 
AMINE 2000 reagent (Imitrogen, San Diego, CA) in serum-free tissue 
culture media following the manufacturer's protocol. A549 cells were 
harxested al 72 hours after I ransfecl ion for total RNA preparation nr 
immunofluorescent staining. A549 cells were labeled with BrdUrd for 
2 hours and then fixed with ethanol and immunostained for BrdUrd 
incorporation using I he lirdl riM.abeling and Deleclion kit I (lioche 
Diagnostics) according lo manufacturer's recommendations. 

For soft agar assays. A5-I9 cells were left mil ransleeled or I ransleeled 
with 100 nmol/L of either siFoxml or mutFoxml. One day after 
transfection, the cells were trypsinized and plated on soft agar for 2 weeks 
to assay for anchorage-independent cell growth as described previously 

I 1 2 I rriphc.ile pi. lie were used In r it col es and dele lllcine.ill 

number of colonies ± SD. 

Semiquantitative reverse transcriptasedPCR and RNase protection 
assay. RNA-STAT-60 (Tel-Test "B," Inc., Friendswood, TX) was used to 
prepare lolal UNA from mouse lungs, cultured A549 cells, or human tumor 
and normal lung tissues, which were obtained from tissue bank of the 
University of Chicago. After digestion of RNA with DNase I, reverse 
transcriptase-PCR (RT-PCR) analysis was done as described (32). The 
lollowing sense and anlisense primers were used for amplification: mouse 
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Foxml, 5'-GGATCCTGCCACCCCAGACCTTGTTC and 5'-GTCGACTCCCT- 
GATGCTTTTCGCTGTC; mouse cyclophilin, 5'-AGCTCTGAGCACTGGAGA- 
GAAA and 5'-TC C TGAGC TAC AGAAGGAATGG; human Foxml, 5'- 
GGTCTCGGAGGAAACAGCATCTAC and 5'-TGAAATCCAGTCCCCC- 
TACTTTG; human cyclin Bl, 5'-TGTGGATGCAGAAGATGGAT and 5'-AAA- 
CATGGCAGTGACACCAA; human cyclophilia 5'-CTCCTTTGAGCTGTTTGCAG 
and 5'-CACCACATGCTTGCCATCC. Two different cDNA concentrations 
were used for RT-PCR reactions to ensure that RT-PCR conditions were in 
the linear range. Quantitation of expression levels was determined with Tiff 
files of ethidium bromidc-slained gels by using I he BioMax ID program 
(Kodak, Rochester, NY) as described (32). 

RNase protection assay was done with 32 P-UTP labeled antisense RNA 
synthesized from hCYC-1 template (BD Biosciences, San Diego, CA) as 
described previously (17). Quantitation of expression lewis was delerminecl 
from phosphorimager scans using the ImageQuant program (Amersham 
Biosciences, Corp., Piscataway, NJ). The ribosomal prolein L32 and 
gl\ceraldelnde-:>-phosphalc dehydrogenase hybridization signals were used 
for normalization control between different RNA samples. 

Real-time RT-PCR. Total RNA was digested with RNase-free DNasel 
to remove genomic DNA. The Bio-Rad cDNA Synthesis kit containing 
both oligo-dT and random hexamer primers was used lo synthesize 
cDNA from 10 ug of total H\ ' \. The following reaelion mixlure was used 
for all PCR samples: 1 x of IQ SybrGreen Supermix (Bio-Rad, Hercules, 
CA), 100 to 200 nmol/L of each primer, and 2.5 pL of cDNA in a 25 pL 
total volume. The following sense and antisense primers and annealing 
temperature (T a ) were used to amplify and measure the amount of 
mRNA by real-time RT-PCR: human Foxml, 5'-GGAGGAAATGCCACACT- 
TAGCG and 5'-TAGGACTTCTTGGGTCTTGGGGTG (r a = 55.7°C); human 
cyclophilin, 5'-GCAGACAAGGTCCCAAAGACAG and 5'-CACCCTGACACA- 
TAAACCCTGG (r a = 55.7°C); mouse Foxml, 5'-CACTTGGATTGAGGAC- 
CACTT and 5'-GTCGTTTCTGCTGTGATTCC (7* a = 57.5°C); mouse 
cyclophilin, 5'-GGCAAATGCTGGACCAAACAC and 5'-TTCCTGGACC- 
CAAAACGCTC (T a = 57.5°C). Reactions were amplified and analyzed in 
triplicate using a MyiO Single Color Real-time PCR Detection System 
(Bio-Rad). 

Slalistical analysis. Si intent's t test was used to determine statistical 
significance, /'s < 0.05 were considered significant. Values lor all measure- 
ments were expressed as the mean ± SD. 

Results 

Foxml protein is overexpressed in highly proliferative 
human lung carcinomas. Because Foxml is induced in a 
variety of distinct human carcinoma tumors (21-25), we 
examined whether Foxml is also expressed in human lung 
carcinomas. We used the Cancer Profiling Array, which consists 
of cDNA samples derived from 20 human NSCLCs and 
corresponding adjacent normal lung tissues. Radioactively labeled 
cDNA probes were synthesized from human Foxml or ubiquitin 
control cDNA and hybridized sequentially with the Cancer 
Profiling Array (Fig. L4). Following subtraction of background, 
Foxml hybridization signals were normalized to ubiquitin and 
calculated as a ratio between tumor sample and corresponding 
normal tissue from the same patient. These results showed Ilial. 
Foxml expression is increased >2-fold in 67% (8 of 12 cases) of 
squamous cell carcinoma and in 50% (4 of 8 cases) of 
adenocarcinoma of the lung (Fig. LB). Increased levels of Foxml 
mRNA were confirmed in three human NSCLC by quantitative 
real-time RT-PCR analysis using primers specific for the Foxml 
gene (Fig. 2A). 

We next used immunostaining of human NSCLC tissue micro- 
array to compare expression of Foxml protein in 56 cases of 
human lung adenocarcinomas and squamous cell carcinomas with 
adjacent normal lung tissue from the same patient. Foxml protein 
levels were increased in 72% (13 of 18 cases) of adenocarcinoma 



specimens and in 68% (17 of 25 cases) of squamous cell carcinoma 
compared with corresponding normal lung tissue (Fig. 1C). These 
experiments showed that Foxml expression is induced in a 
significant percentage of human lung adenocarcinomas and 
squamous cell carcinoma tissue samples. Consistent with these 
results, Western blot analysis showed that total levels of Foxml 
protein were induced in human adenocarcinoma compared with 
normal lung tissue (Fig. 2C). 

To determine whether Foxml expression correlates with 
proliferation rates in these human lung tumors, we immunos- 
tained an adjacent paraffin section of the same human NSCLC 
tissue microarray with a mouse monoclonal antibody specific to 
the PCNA. Our data showed that human lung adenocarcinomas 
and squamous cell carcinomas expressing high levels of Foxml 
protein exhibited abundant PCNA staining (Fig. ID). Furthermore, 
increased Foxml expression in human lung adenocarcinomas 
was associated with elevated levels of the cell cycle-promoting 
cyclin A2 and cyclin Bl as determined by RNase protection assay 
(Fig. 2B). These results show that Foxml expression is induced 
in human NSCLC undergoing rapid proliferation, suggesting 
that the Foxml is involved in stimulating proliferation of lung 
tumor cells. 

Conditional deletion of the Foxml fl/fl allele decreases 
the total number and size of lung tumors induced by the 
carcinogen urethane. To determine the role of Foxml in mouse 
lung tumorigenesis, we used the IFN-a/p inducible Mx-Cre 
recombinase transgene (27) to conditionally delete the Foxml 
11/11- targeted allele before the urethane-mediated lung tumor 
induction. Expression of the Mx-Cre transgene was induced by 
three consecutive i.p. injections of mice every other day with 
synthetic dsRNA PolyLPolyC or PIPC (27). Eight- to 12-week-oId 
Foxml fl/fl (control) and Mx-Cre Foxml fl/fl male mice 
(experimental) were induced to delete the Foxml fl/fl-targeted 
allele, and then 1 week later, they were subjected to weekly i.p. 
injections of urethane for 10 consecutive weeks to induce 
formation of lung tumors in C57BL/6 mouse background (28). 
Based on published studies (28), we sacrificed six control Foxml 
fl/fl mice and six experimental dsRNA-treated Mx-Cre Foxml fl/fl 
mice (Mx-Cre Foxml' 1 ~) at 28 weeks after initial urethane 
injection. Another group of Mx-Cre Foxml fl/fl mice were injected 
with PBS instead of dsRNA to provide information about 
nonspecific activation of the Mx-Cre transgene due to the 
secretion of endogenous IFN-a/f}. Lungs were dissected and 
examined for lung tumors using dissecting microscope and then 
fixed and paraffin embedded. To address the efficiency in deletion 
of Foxml fl/fl allele, we examined Foxml levels in total lung RNA 
prepared from the left lung lobe using both semiquantitative RT- 
PCR analysis (Fig. 3z4) and quantitative real-time RT-PCR (Fig. 35) 
using two different sets of primers specific for the Foxml gene. 
Both methods showed —75% decrease of Foxml pulmonary 
levels in dsRNA-treated Mx-Cre Foxml mice compared with 
either dsRNA-treated Foxml fl/fl mice or Mx-Cre Foxml fl/fl mice 
treated with PBS (Fig. 3A-B). 

Histologic examination of H&E-stained sections revealed that 
all tumors in Foxml fl/fl or dsRNA -treated Mx-Cre Foxml~'~ 
lungs displayed morphologic characteristics of lungs adenomas 
(Fig. AA). These lung tumors were epithelial in origin as shown by 
nuclear staining for Foxa2 protein (Fig. \A\ a known marker for 
alveolar type II cells and bronchial epithelial cells (33). dsRNA- 
treated Mx-Cre Foxml mice displayed a statistically significant 
reduction in the total number and diameter of lung adenomas 
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compared with Foxml fl/fl mice or Mx-Cre Foxml fl/fl mice 
treated with PBS (Fig. 3C). Interestingly, no large lung adenomas 
>1 mm in size were found in dsRNA-treated Mx-Cre Foxml' 1 ~ 
lungs, and they displayed a 60% reduction in medium-sized lung 
adenomas (0.5-1 mm) compared with control mouse lungs 
(Fig. 3-D). These results suggest that conditional deletion of 
Foxml fl/11 allele was sufficient to cause a statistically significant 
decrease in the number and size of lung adenomas following the 
urethane tumor induction. 

Foxml is expressed in pulmonary epithelial cells and lung 
cancer cells after urethane treatment. Although Foxml is not 
expressed in untreated mouse lungs (Fig. 4B; refs. 17, 30), Foxml 
protein was detected in bronchial and alveolar epithelial cells of 
the urethane-treated Foxml 11/11 mice using immunohistochemical 
staining with antibody specific for the Foxml protein (Fig. 45). 
Abundant Foxml nuclear staining was also detected in all lung 
tumors of control Foxml fl/fl and PBS-treated Mx-Cre Foxml fl/fl 



ABC 

ResMime RT-PGR RNase Protection Western Blot 



Figure 1. Foxml is expressed in the subset of human NSCLC. 
A-B, Cancer Profiling Array shows increased Foxml levels in 
subset of human NSCLCs. The Cancer Profiling Array (Clontech 
Lab) was used to compare Foxml expression in human NSCLC 
(tumor) and corresponding normal tissues (normal). Radioactively 
labeled cDNA probes were synthesized from human Foxml or 
ubiquitin control cDNA and hybridized sequentially to the same 
array membrane. A, microphotographs of Foxml (top) and 
ubiquitin hybridization signals (bottom) from human NSCLC. 
Foxml hybridization signals were normalized to ubiquitin and 
calculated as a ratio between tumor sample and corresponding 
normal lung tissue from the same patient. B. these relative Foxml 
levels are presented separately for squamous cell carcinoma and 
adenocarcinoma of the lung. C, Foxml protein is expressed in a 
subset of human NSCLC. The Custom Non-Small-Cell Lung 
Carcinoma TMA tissue arrays from Biomax were stained with 
rabbit polyclonal Foxml antibody followed by anti-rabbit antibody 
conjugated with biotin, avidin/HRP, and 3,3'-diaminobenzidine 
substrate. Foxml expression is increased in a subset of lung 
adenocarcinomas (fop right and middle right) and squamous cell 
carcinomas (bottom right) compared with corresponding adjacent 
normal lung tissues (middle left and bottom left). Top left, 
control for Foxml immunostaining, which includes adjacent 
adenocarcinoma section stained at similar conditions but without 
first antibody. D, Foxml and PCNA are coexpressed in human 
NSCLC. Adjacent paraffin sections of the tissue array were stained 
with antibodies specific to Foxml or PCNA proteins. PCNA 
expression in human NSCLC was detected by anti-mouse antibody 
conjugated with alkaline phosphatase and 5-bromo-4-chloro-3- 
indolyl phosphate/nitroblue tetrazolium substrate. Slides were then 
counterstained with Nuclear Fast Red. Increased expression of 
Foxml in lung adenocarcinoma and squamous cell carcinoma 
(bottom) is associated with strong PCNA staining in the same lung 
tumor (top). The arrows in C and D indicate margins of the lung 
tumor (Tu). Magnification: xioo (D); x200 (C, bottom and 
middle right); x50 (remaining C panels). 



mice (Fig. 45; data not shown). Consistent with RT-PCR analysis 
(Fig. 3A and B), dsRNA-treated Mx-Cre Foxml mice displayed a 
significant reduction of nuclear Foxml levels in pulmonary 
epithelial cells after urethane tumor induction (Fig. 4S). Interest- 
ingly, 84% of lung tumors in dsRNA-treated Mx-Cre Foxml mice 
exhibited strong Foxml nuclear staining, which was indistinguish- 
able from control Foxml fl/fl tumors (Foxml -positive tumors; 
Fig. 4C). These results suggest that the majority of lung tumors 
from dsRN A- treated Mx-Cre Foxml ~ mice resulted from 
incomplete deletion of the Foxml fl/fl-targeted allele by the Mx- 
Cre transgene. Only 16% of lung tumors in dsRN A- treated Mx-Cre 
Foxml^ 1 ^ mice displayed undetectable Foxml levels (Foxml- 
negative tumors; Fig. 4C), and these Mx-Cre Foxml lung tumors 
were significantly smaller in size (data not shown), indicating that 
the Foxml induces the growth of lung tumors. 

DNA replication is increased in lung tumors expressing 
the Foxml. To determine the role of Foxml in tumor growth, 



Figure 2. Increased Foxml expression in human NSCLC is 
associated with elevated levels of cyclin A2 and cyclin B1 . 
A, real-time RT-PCR analysis confirms increased Foxml 
expression in human NSCLC. Total RNA was prepared from 
human NSCLC (T) and adjacent normal tissues (W) and 
examined for Foxml levels by the real-time RT-PCR as 
described in Materials and Methods. Foxml expression levels 
were normalized to cyclophilin and presented as a fold 
increase relative to corresponding normal tissue. *, P < 0.05, 
statistical significant differences. B, increased Foxml levels in 
human NSCLC are associated with elevated levels of cyclin 
A2 and cyclin B1. RNase protection assays were done to 
analyze for expression levels of cyclin mRNA and ribosomal 
L32 protein using the PharMingen Cyclin RNase protection 
probes as described previously (17). C, Foxml protein 
expression is induced in human NSCLC tumors. Total protein 
was prepared from normal human lung tissue (N) and human 
lung adenocarcinoma (T) and analyzed for Foxml and 
p-actin proteins by Western blot analysis. 
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Figure 3. Ubiquitous deletion of Foxml decreases the total 
number and size of urethane-induced lung tumors. Mx-Cre 
Foxml fl/fl and Foxml fl/fl mice were injected with dsRNA to 
activate Cre expression and then subjected to multiple 
urethane injections to induce lung tumors as described in 
Materials and Methods. Mx-Cre Foxml fl/fl mice, injected with 
PBS instead of dsRNA, were used as a control. Lungs were 
dissected and examined for lung tumors and then fixed and 
paraffin embedded, or used for preparation of total lung RNA. 
A-B. activation of Mx-Cre transgene causes incomplete 
deletion of Foxml fl/fl allele in the lung after urethane tumor 
induction. Semiquantitative RT-PCR analysis (A) and 
quantitative real-time RT-PCR (B) were done with different 
sets of primers specific to mouse Foxml and cyclophilin. 
Each individual sample was normalized to its corresponding 
cyclophilin level. Numbers in A, means ± SD with respect 
to Foxml fl/fl mice treated with dsRNA. C-D, diminished 
number and size of lung tumors in Foxml -deficient mice. 
Lung tumors from Mx-Cre Foxml fl/fl and Foxml fl/fl mice 
were counted and measured using a dissecting microscope. 
Deletion of Foxml fl/fl allele caused a significant reduction 
(*, P < 0.05) in the tumor diameter (C, right) and the total 
number of lung tumors (C, left) as well as diminished 
numbers of large (>1 mm) and medium sized (0.5-1 mm) lung 
tumors (D). Columns, means of the tumor number and tumor 
diameter using six mouse lungs in each group; bars, SD. 




we compared DNA replication rates in Foxml-positive and 
Foxml -negative lung tumors in dsRNA-treated Mx-Cre Foxml 
mice. DNA replication was determined by immunohistochemical 
detection of BrdUrd that had been administered in drinking 
water 4 days before sacrificing the mice (12, 29). Foxml -negative 
lung tumors from dsRNA-treated Mx-Cre Foxml' mice 
exhibited a significant reduction in DNA replication compared 
with either control lung tumors or lung tumors from dsRNA- 
treated Mx-Cre Foxml '' mice that stain positive for Foxml 
protein (Fig. 4C and D). These studies provide further evidence that 
increased Foxml expression is associated with high DNA 
replication rates of lung tumor cells. 

Foxml deficiency causes reduced expression of cyclin A2 
and cyclin Bl in A549 lung adenocarcinoma cells. To 
determine the role of Foxml in the proliferation of A549 
human lung adenocarcinoma cells, we transfected these cells 
with siRNA duplex specific to the human Foxml cDNA 
(siFoxml) or with mutant control siFoxml duplex. Total RNA 
was prepared 72 hours after siRNA transfection and then 
analyzed for Foxml or cyclin Bl levels by RT-PCR (Fig. SA). 
These transfection studies revealed that siFoxml efficiently 
reduced the expression of human Foxml and its known 
transcriptional target cyclin Bl (34, 35), whereas transfection 
of mutant siFoxml duplex did not influence expression levels of 
these genes (Fig. 5A). Quantitative real-time RT-PCR confirmed 
that transfection of siFoxml duplex efficiently depleted expres- 
sion of Foxml in A549 cells (Fig. 5B). 

We next did RNase protection assays to examine temporal 
expression of the cyclin genes in A549 cells transfected with 
siFoxml. Compared with either untransfected cells or cells 



transfected with mutant siFoxml, depletion of Foxml levels by 
siFoxml caused significant decreases in expression of S phase- 
promoting cyclin A2 and M phase-promoting cyclin Bl genes 
(Fig. 5C and D), which is consistent with increased levels of these 
genes in human adenocarcinoma tumors (Fig. 2B). Interestingly, 
expression levels of cyclin C and cyclin Dl were not affected by 
siFoxml transfection (Fig. 5C and D). Taken together, our data 
suggesl I lia( Foxml selectively activates disliiicl cyclin genes thai 
promote both S-phase progression and entry into the M-phase of 
the cell cycle. 

Foxml stimulates DNA replication and mitosis of lung 
tumor cells in vitro. To determine the role of Foxml in DNA 
replication, A549 cells were transfected with either siFoxml or 
mutant siFoxml duplexes or were left untransfected. Seventy- 
two hours later, cells were pulse labeled for 2 hours with 
BrdUrd and then fixed and used for immunofluorescent staining 
with BrdUrd antibody. Depletion of Foxml caused a 70% 
reduction in the number of A549 cells undergoing DNA 
replication compared with either un(mnsle< led A5 I9 cells or 
cells transfected with mutant siFoxml duplex (Fig. 6A and B). 
Furthermore, a sign il k a i i t reduction in the number of cells 
undergoing mitosis were found in siFoxml-transfected A549 
cells as determined by the number of mitotic figures in 4',6- 
diamidiuo-2-pheiiylindoIe-stained A549 cell cultures (Fig. 6B). 
These results suggest that depletion of Foxml levels inhibit 
both DNA replication and mitosis in A549 lung adenocarcinoma 

Foxml deficiency reduces anchorage-independent growth 
of A549 lung adenocarcinoma cells on soft agar. To examine 
whether depletion of Foxml levels by siRNA transfection would 
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Figure 4. High levels of Foxml protein in lung tumors are associated with tumor cell proliferation. Mx-Cre Foxml fl/fl mice were injected with dsRNA to activate 
Cre expression (Mx-Cre Foxml''' mice) and then subjected to multiple urethane injections to induce lung tumors. PBS-treated Mx-Cre Foxml fl/fl mice and 
dsRNA-treated Foxml fl/fl mice were used as controls. Lungs were harvested 28 weeks after initial urethane injection and then fixed and embedded into paraffin blocks. 
A, H&E staining shows a reduction in the size of lung adenomas in Mx-Cre Foxml' 1 ' mice (top). Lung paraffin sections were also stained with epithelial-specific 
Foxa2 antibody to show that lung adenomas in both Mx-Cre Foxml' 1 ' and Foxml fl/fl mice were epithelial in origin (bottom). The arrows indicate margins of lung tumor 
(Tu). B, Foxml expression is induced in lung epithelial cells and lung adenomas after urethane tumor induction. dsRNA-treated mice were subjected to urethane 
tumor induction protocol. Lung sections from Mx-Cre Foxml' 1 ' and Foxml fl/fl mice were stained with Foxml antibody followed by the secondary antibody conjugated 
with biotin, avidin/HRP, and 3,3'-diaminobenzidine substrate. The Foxml protein was not detected in lungs from Foxml fl/fl mice without urethane tumor induction 
(top left). Abundant Foxml nuclear staining was observed in bronchial epithelial cells (Br) and tumor cells (Tu) in urethane-treated Foxml fl/fl lungs (top right and 
bottom left). Mx-Cre Foxml' 1 ' lungs display reduced Foxml staining in bronchial epithelium (bottom right). C-D, diminished DNA replication in Foxml -negative lung 
tumors of Mx-Cre Foxml''' mice. Adjacent paraffin sections from Mx-Cre Foxml' 1 ' lungs were stained with Foxml antibody (C, top) or BrdUrd antibody (C, bottom). 
We counted BrdUrd-positive cells per 1 ,000 tumor cells in 10 distinct Foxml -positive or Foxml -negative Mx-Cre Foxml' 1 ' lung tumors (D). Tumors from 
dsRNA-treated Foxml fl/fl and PBS-treated Mx-Cre Foxml fl/fl mice were used as controls (D). Three mice were used in each group. *, P < 0.05. Magnification: \50 
(A, top); xioo (B. bottom left); 200x (A, bottom and C, top); x400 (the rest). 



inhibit anchorage-independent growth of the lung tumor cells 
on soft agar, A549 cells were transfected separately with 
siFoxml or mutant siFoxml duplexes or left untransfected. 
One day later, cells were plated on soft agar for 2 weeks. 
Depletion of Foxml levels by siRNA dramatically reduced 
anchorage-independent growth, as evidenced by the significant 
decrease in the number of A549 cell colonies on soft agar (Fig. 
6C and D). In conlrasL transl'ccl ion of Hie mutant siFoxml 
duplex into A549 cells did not affect the number of A549 cell 
colonies growing on soft agar (Fig. 6C and D). These results 
suggest that depletion of Foxml expression by siRNA transfec- 
tion reduces oncogenic properties of A549 lung adenocarcinoma 
cells by reducing anchorage-independent growth of cell colonies 
on soft agar. 

Discussion 

Transgenic and gene knockout mouse studies showed that 
Foxml is critical for DNA replication and is essential for mitotic 



progression (10, 11, 13, 14, 17, 35-37). Consistent with the 
important role of Foxml in cell cycle progression, elevated Foxml 
levels have been found in numerous cell lines derived from 
human tumors (18-20). Increased expression of Foxml protein 
was also found in variety of human tumors, including hepatocel- 
lular carcinoma (26), basal cell carcinoma (21), breast adenocar- 
cinoma (24), astrocytoma, and glioblastoma (23), suggesting that 
the Foxml regulates cellular proliferation in various human 
cancers. Mice with hepatocyte-specific deletion of Foxml fl/fl 
allele exhibit defects in hepatocyte proliferation and fail to 
develop hepatocellular carcinoma in response to a diethylnitros- 
amine/phenobarbital liver tumor induction protocol (12). In this 
study, we investigated the role of Foxml in NSCLC using the 
mouse experimental model of lung tumorigenesis, as well as 
human NSCLC tumors. 

We showed that Foxml and PCNA proteins are coexpressed in 
a subset of human NSCLC tumors. Interestingly, virtually 
undetectable PCNA staining was found in NSCLC tumors with 
low levels of Foxml protein (data not shown), suggesting (hat 
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Foxml expression is induced in human NSCLC undergoing rapid 
proliferation. Alternatively, the absence of Foxml in subset of 
lung cancers can be explained by poor preservation of lung 
tissue during collection of some human samples. Furthermore, 
immunohistochemistry with Foxml antibody displayed both 
nuclear and cytoplasmic staining in human lung tumors. 
Because the Foxml antibody recognized several proteins with 
lower than Foxml molecular weight in human adenocarcinoma 
tissue (Western blot in Fig. 2C), this cytoplasmic staining may 
include nonspecific immunoreactivity or products of Foxml 
degradation. 

We found that the Mx-Cre transgene caused the deletion of 
Foxml fl/fl-targeted allele in 75% of Mx-Cre Foxml' 1 ' 
pulmonary cells, yet this was sufficient to cause a statistically 
significant reduction in the number and size of lung adenomas. 
Interestingly, —84% of lung tumors in Mx-Cre Foxml''' mice 
exhibited strong Foxml nuclear staining, indicating dial die 
majority of Mx-Cre Foxml' 1 ' lung tumors resulted from 
incomplete deletion of Foxml fl/fl-targeted allele by the Mx- 
Cre transgene. Undetectable Foxml expression was observed 
only in 16% of Mx-Cre Foxml' 1 ' lung tumors, which exhibited 
reduced BrdUrd incorporation and tumor size. These results 
strongly suggest that increased expression of Foxml correlates 
with high levels of proliferation and growth of lung tumors. Our 
results also suggest that lung tumors can arise from Foxml' 
epithelial cells, probably due to secondary mutations that 
bypass a block in cell cycle progression caused by Foxml 
deficiency. 



The Mx-Cre transgene deletes the Foxml fl/fl-targeted allele 
in a mosaic fashion in all cell types of the lung (27); Uierelbre. 
the cancer resistance in Mx-Cre Foxml' 1 ' mice can be 
explained by the direct Foxml effect on proliferation of 
epithelial-derived tumor cells, or by effects of Foxml deletion 
on tumor angiogenesis. This is consistent with our previous 
report showing that Foxml is essential for proliferation of 
pulmonary endothelial cells during lung embryonic development 
(14). However, we were unable to detect significant differences in 
either the morphologic appearance of pulmonary endothelial 
cells or the expression levels of endothelial-specific Pecam-1 
protein in Foxml fl/ fl and Mx-Cre Foxml lungs (data not 
shown). Because Foxml tumor cells displayed diminished 
BrdUrd incorporation, we used siRNA specific to Foxml to 
investigate the direct effects of Foxml on the proliferation of 
A549 human lung adenocarcinoma cells. These transfection 
studies revealed that depletion of Foxml levels efficiently 
inhibited both DNA replication and mitosis in this lung tumor 
cell line. These results are also consistent with our previous 
studies that transgenic overexpression of Foxml accelerates the 
onset of DNA replication and mitosis in mouse lungs following 
BHT-mediated lung injury (17). 

It is interesting to note that the Foxml fl/fl-targeted allele was 
deleted before the urethane tumor induction in Mx-Cre Foxml~ 
mice; therefore, the Foxml deletion occurred before the tumor 
initiation in Mx-Cre Foxml' 1 ' mice. Because Mx-Cre Foxml~ , ~ 
lungs displayed a significant reduction in total number of lung 
adenomas, Foxml may induce the initiation of NSCLC cancer 




Figure 5. Foxml deficiency causes reduced expression of 
cyclin A2 and cyclin B1. We transfected either siFoxml or 
mutant siFoxml duplexes into A549 cells. After 72 hours, 
transfected A549 cells were used for preparation of total 
RNA. A-B, transfection of siFoxml inhibits expression of 
Foxml and its target gene cyclin B1 in A549 cells. Total RNA 
was analyzed for expression levels of Foxml , cyclin B1 , 
and cyclophilin by the semiquantitative RT-PCR analysis (A) 
and quantitative real-time RT-PCR (B). Each individual 
sample was normalized to its corresponding cyclophilin level. 

(Un) A549 cells. *, P <0.05. C-D. depletion of Foxml 
reduces the expression of cyclin A2 and cyclin B1. RNase 
protection assays (C) were used to analyze for expression 
levels of cyclin mRNA with the PharMingen Cyclin RNase 
protection probes as described previously (17). Cyclin levels 
were normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNA levels, and expression 
levels were presented with respect to untransfected 
(Un) cells (D). 
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Figure 6. Depletion of Foxml i 
proliferation of / 
inhibits the anchorage-independent growth of 
these cells on soft agar. A-B, siFoxml 
transfection diminishes the total number of cells 
undergoing DNA synthesis and mitosis. A549 
cells transfected with either siFoxml or mutant 
siFoxml were treated with BrdUrd for 2 hours 
and then fixed and immunostained with mouse 
monoclonal antibodies specific for BrdUrd 
followed by anti-mouse antibody conjugated with 
FITC (A, top). Cell nuclei were counterstained 
with 4',6-diamidino-2-phenylindole (A, bottom). 
We counted the number of BrdUrd-positive cells 
(B, top) as well as mitotic figures in five random 
microscope fields (B, bottom). Columns, mean 
percentage of cells (three distinct transfections); 
bars, SD. *, P < 0.05. C-D, siFoxml transfection 
diminishes anchorage-independent growth of 
A549 lung adenocarcinoma cells on soft agar. 
A549 cells were left untransfected (Un) or 
transfected with 100 nmol/L of either siFoxml or 
mutFoxml . One day after transfection, the cells 
were trypsinized and plated on soft agar for 
2 weeks to assay for anchorage-independent 
cell growth as described previously (12). 
Columns, mean number of colonies relative to 
untransfected cultures (triplicate plates were used 
to count colonies); bars, SD (D). *, P < 0.01 . 



in vivo. Further support for this concept is provided by the 
in vitro colony formation assay showing that depletion of Foxml 
levels by siRNA dramatically reduced the ability of A549 cells to 
form colonies on soft agar. This finding is consistent with our 
previous studies showing that induced Foxml expression 
stimulated U20S cells to form colonies on soft agar and use of 
a membrane penetrating (D-Arg) 9 -ARF 26-44 peptide inhibitor of 
Foxml prevented U20S cells to form colonies on soft agar ( 12). 
Furthermore, our data clearly indicate that urethane treatment 
induces Foxml expression in both lung tumor cells and normal 
bronchial epithelial cells. These results suggest that overexpres- 
sion of the Foxml in normal bronchial cells is not sufficient to 
induce aberrant proliferation. Abundant Foxml expression in 
urethane-induced epithelial cells may prevent the use of this 
protein as a marker for lung cancer diagnosis. However, because 
our results clearly show that deletion of Foxml decreases both 
incidence and growth of urethane-induced lung tumors, Foxml 
may represent a new therapeutic target to inhibit the tumor 
progression. 

Progression into the S phase requires activation of Cdk2 in 
complex with either cyclin E or cyclin A2, which cooperates with 
cyclin D-cdk4/cdk6 to phosphorylate the retinoblastoma protein. 
This releases a bound E2F transcription factor and allows it to 
stimulate expression of genes required for DNA replication (38, 
39). Here, we found that Foxml deficiency was associated with 
reduced cyclin A2 levels and therefore contributes to diminished 
DNA replication in Foxml -depleted A549 cells. Foxml -deficient 
cells also displayed reduced expression of cyclin Bl, a known 
Foxml target gene (34, 35), which activates cdkl during cellular 
progression into the M phase (40). Our results are also 
consistent with premature expression of the cyclin A2 and 
cyclin Bl during lung injury in Rosa26-Foxml transgenic mice 



(17). These data suggest that Foxml directly regulates distinct 
pulmonary pathways that promote both S-phase progression and 
entry into the M phase during the progression of lung cancer. 
Furthermore, recent studies have shown that increased cyclin A2 
level is responsible for c-Jun transcription factor to induce 
growth of RatlA cells on soft agar (41). The fact that depletion 
of Foxml significantly reduces expression of cyclin A2 suggests 
that diminished cyclin A2 levels in Foxml -depleted A549 
cells contribute to reduced anchorage-independent growth on 
soft agar. 

In summary, Foxml is abundantly expressed in urethane- 
induced lung cancer from adult mice as well as in highly 
proliferative human NSCLC tumors. Induced expression of the 
Mx-Cre recombinase transgene resulted in conditional deletion 
of Foxml fl/fl- targeted allele causing significant reduction in the 
proliferation of lung tumor cells as well as in number and size 
of lung adenomas following urethane treatment. Depletion of 
Foxml expression by siRNA transfection of A549 lung adeno- 
carcinoma cells caused significant decreases in DNA replication 
and mitosis and reduced anchorage-independent growth of cell 
colonies on soil agar, showing dial Foxml direclK slimulales 
the proliferation of lung tumor cells during development of 
NSCLC. 

Acknowledgments 

Received 8/23/2005; revised 11/16/2005; accepted 12/8/2005. 

Grant support: Amencnn Cancer Society, Illinois Division research grant 06-09 
(V.V. Kalinichenko): American llearl Association Scienlisl Development granl 
0335036N (V.V. Kalinichenko); and National Institutes of Diabetes, Digestive and 
Kidney Diseases/USPHS grant DK 54687-06 (R.H. Costa). 

The costs ofpiiblicalion ol this article were delra\ed in pari b\ I lie payment ol page 
charges. I his arl icle niusl Iherelore he herein' marked advertisement in accordance 
with 18 U.S.C. Section 17:5-1 solely lo indicate this fact. 



Cancer Res 2006; 66: (4). February 15, 2006 



2160 



www.aacrjournals.org 



Foxml Induces Proliferation of Lung Tumor Cells 



References 

1. Kerr KM. Pulmonary preinvasive neoplasia. J 
Pathol 2001;54:257-71. 

2. McCormick F. Signalling networks thai cause c: 
I rends ( rll Biol I •><)•);•« 1 

3. Sherr CJ, McCormick F. The RB and p53 pathwr 
cancer. Cancer Cell 2002;2:103-12. 

4. Malkinson AM. Molecular comparison of human and 

tumorigenesis. Chest g 1996;109:130-4S. 

6. Mitsuuchi Y, Testa JR. Cytogenetics and molecular 
genetics ofkmg cancer. Am J Med Genet 2002: 1 15:183-8. 

7. Major ML, Lepe R, Costa RH. Forkhead box M1B 



15. Glover DM, Hagan IM, Tavares AA. Polo-like kinases: 
a team thai pl.ns Ihroughoul mitosis. Genes Dev 1098: 
12:3777-87. 

16. Adams RR, Carmena M, Earnshaw WC. Chromo- 
somal passengers and the (aurora) ABCs of mitosis. 
Trends Cell Biol 2001;11:49-54. 

17. Kalinichenko W, Gusarova GA, Tan Y, et al. 
Ubiquitous expression of the forkhead 



Cdk/cvclin complexes lor phosph o ry la t ion-depend en I 
recruitment of p300/CBP co-activators. Mol Cell Biol 
2004;24:2649-61. 

8. Ma RY, Tong TH, Cheung AM, Tsang AC, Leung WY, 
Vao KM. Kof-MKK/MAPK signaling stimulates the 

I I I II I 

9. Costa RH, Kalinichenko W; Major ML. Raychaudhuri 
P. New and unexpcvl til: forkhead meets ARF. Curr Opin 

10. Wang X, Kiyokawa H, Dennewitz MB, Costa RH. The 
Forkhead box mlb transcription factor is essential for 
hepatoevte DNA replication and mitosis during mouse 
liver regeneration. Proc Natl Acad Sci U S A 2002;99: 
16881-6. 

11. Wang X, Krupczak-Hollis K, Tan Y, Dennewitz MB, 
Adami GR, Costa RH. Increased hepatic Forkhead box 
M1B (FoxMlB) levels in old-aged mice stimulated liver 
regeneration through diminished p27kipl prolom levels 
and increased Cdc25B expression. ] Biol Chem 2002:277: 
44310-6. 

12. Kalinichenko W, Major M, Wang X et al. Forkhead 
Box mlb transcription factor is essential for develop- 
ment of hepatocellular carcinomas and i,s negatively 
regulated bv the pl°ARI tumi supp o in ics 
Developmenl 2(io-l:l.s:K30-.m 

13. Krupczak-Hollis K, Wang X, Kalinichenko W et al. 
The mouse Forkhead Boa ml transcription factor is 
essential for hepatoblast mitosis and development of 
intrahepatii 



phogenesis. Dev Biol 2 
14. Kim IM, Ramakrisl 



•ll-hpes 



roliferal 
/ing king injury. I Biol Chen 



19. Yao KM, Sha M, Lu Z, Wong GG. Molecular analysis 



). Ye H, Kelly TF, Samad 



21. Teh MT, Wong ST, Neill GW, Ghali LR, Philpott MP, 
Quinn AG. FOXM1 is a downstream target of Glil in 
basal cell carcinomas. Cancer Res 2002;62:4773-80. 

22. Obama K, Ura K, Li M, et al. Genome-wide analysis of 

noma. JHepatology 2005;41:1339-48 P 

23. van den Boom |. Wolh 1 Kuick R, et al. 

with glioma progression using oligonucleotide-based 
microarray analysis and real-time reverse transcription- 
polvmerase chain reaction. Am J Pathol 2003:163: 
1033-43. 

24. Wonsey DR, Follettie MT. Loss of the forkhead 
transcription factor FoxMl causes centrosome amplifi- 
cation and mitotn i i i s i < I i 
5181-9. 

23. Pilarsky C, Wenzig M, Specht T, Saeger HD, 
Grutzmann R. Identification and validation of common- 
ly overexpressed genes in solid tumors by comparison of 
microarray data. Neoplasia 2004;6:744-50. 

26. Lee JS, Chu IS, Heo J, et al. Classification and 

gene expression profiling. Hepatology 2004:40:667-76. 

27. Kuhn R, Schwenk F, Aguet M, Rajewsky K. Inducible 
gene targeting in mice. Science 1995;269:1427-9. 

28. Miller YE, Dwyer-Nield LD, Keith RL, Le M, Franklin 



>'). Ledda-( olumbano t!M. I'ibiri M, ( oneas 1.1. Cossu 
Tripodi M, Columbano A. Loss of cyclin Dl does n 
inhibit the proliferative response of mouse liver 

30. Kalinichenko Vvf Lim 85 !., Shin B, Costa R 
Differential expression of Forkhead box transcriptit 
factors following butylated hydroxytoluene lui 
injury. Am J Physiol Lung Cell Mol Physiol 2(H) l;2f- 



31. Kalii 



henko 1 



Lin 



toltz D, - 



e. J Biol Chem 2005;280: 



32. Kalinichenko \T, Zhou Y, Bhattacharyya D, et al. 
llaploinsiilliciency of Hie mouse forkhead bo.\ II gene 
causes defects in gall bladder development. J Biol Chem 
2002:277:12369-74. 

33. Stahlman MT, Gray ME, Whitsett JA Temporal- 
spatial dislribitlion of hepnioeyle nuclear faotor-3beta 

i l I i I i ll .i I It .'alives. 

J Histochem Cytochem 1998;46:955-62. 

34. Leung TW, Lin SS, Tsang AC, et al. Over-expression 
of FoxMl stimulates cyclin Bl expression. FEBS Lett 
2001;507:59-66. 

35. Wang X Quail E. Hung N-J, fan Y, Ye H, Costa RH. 
increased levels of forkhead box MIB transcription 
factor in transgenic mouse hepatocytes prevents age- 

I i r lifcration defect i I l_ I L I 

Natl Acad Sci U S A 2001;98:11468-73. 

36. Korver W, Schilham MW, Moerer P, et aL Uncoupling 

hepatocytes lacking the winged-helix transcription 
factor trident. Curr Biol 1998;8:1327-30. 

37. Ye H, Holterman A, Yoo KW, Franks RR, Costa RH. 
Premature expression of the win-ied helix transcription 
factor HFH-11B in regenerating mouse liver accelerates 
hepatocyte entry into S-phase. Mol Cell Biol 1999;19: 

38. Harbour JW, Dean DC. The Rb/E2F pathway: 

2000:142393-409. 

39. Ishida S, Huang E, Zuzan H, et al. Role for E2F in 
control of both DNA replication and mitotic functions 
as rev ealed from DNA microarray analysis. Mol Cell Biol 
2001;21:4684-99. 

40. Nilsson I, Hoffmann I. ( ell cycle regulation by the 
Cdc25 phosphatase family. Prog Cell Cycle Res 2000; 

11. Katabami M, Donninger H, Hommura F, et aL Cyclin 

induced anchorage-independent growth in RATla cells. 
J Biol Chem 2005;280:16728-38. 



www.aacrjournals.org 



2161 



Cancer Res 2006; 66: (4). February 15, 2006 



